Cytochrome bss8 is a membrane-bound component of the NADPH-oxidase system in phagocytes and consists of a low-M, subunit of 22 to 23 Kd and a high-M, subunit of 75 to 90 Kd. The present study on the subcellular localization of the low M, subunit of cytochrome bSw (p22-phox) in resting human peripheral blood phagocytes was based on immunogold labeling with monoclonal antibody (MoAb) 449, recently characterized. In post-embedding labeled neutrophils, this subunit was found mainly in the membrane of the specific granules. This conclusion was supported by a quantitative analysis of the results obtained in immunogold double-labeled sections with a polyclonal antiserum against lactoferrin (LF) as a marker for specific granules and a polyclonal antiserum against myeloperoxidase (MPO) used to identify azurophil granules. No labeling of the plasma membrane was observed, because of limited penetration of the antibody into the cryosections. preventing the detection of low antigen concentrations. Pre-embedding labeling of digitonin-permeabilized neutrophils, which has the advan-YTOCHROME b,,, is a membrane-bound component C of the NADPH-oxidase system in phagocytes.' In resting cells this oxidase is not active, but stimulation by opsonized particles or appropriate soluble stimuli leads to the expression of catalytic activity. The enzyme then produces superoxide O;, which in turn can be converted to other reactive oxygen products by a process known as the respiratory burst. This reaction is essential for the killing of catalase-positive bacteria. The conclusion that cytochrome b,,, forms part of the oxidase system was based on studies performed on neutrophils from patients with X-linked chronic granulomatous disease (CGD), because such neutrophils lack cytochrome b and are unable to mount a respiratory burst (for a review, see reference 2).
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Both the subcellular localization of the NADPH oxidase and the mechanism underlying its activation have given rise to debate. Cytochrome b,,, is composed of a 22 to 23 Kd protein a-subunit and a 75 to 90 Kd glycoprotein &subunit,' both of which are missing in X-linked CGD. 4 The cytochrome in resting neutrophils has been reported to be localized not only in the plasma membrane but also in membranes of cytoplasmic granules or in a closely related intracellular compartment.'^^ Stimulation leads to the translocation of cytochrome b,,, from granule fractions to the plasma membrane.'-* Based on these observations, several investigators have postulated that the granules are involved in the activation of the NADPH oxidase. Because their studies of the subcellular distribution of this cytochrome were performed mainly by differential centrifugation and fractionation techniques, the results cannot be considered conclusive because of possible crosscontamination of the isolated subcellular fractiom. This situation prompted us to undertake a study making use of immunogold-labeling techniques and specific antibodies to determine the distribution of cytochrome b,,, in ultrathin cryosections.
tage of a better penetration of the antibody into the cells, showed intense immunoreactivity on the cytoplasmic side of intact granules and low labeling on the inner surface of the plasma membrane. These complementary findings indicate that in resting neutrophils the epitope of p22-phox. recognized by MoAb 449, is present on the cytoplasmic side of the membrane of specific granules and the plasma membrane. Similar observations were made in eosinophils, where MoAb 449 reacted strongly with the cytoplasmic side of numerous small granules, and a low level of labeling was observed on the inner surface of the plasma membrane. In monocytes, MoAb 449 labeling also occurred on the inner surface of plasma membrane, of endocytotic compartments, and the outer surface of relatively small granules differing from peroxidase-containing lysosomes, as shown by immunogold double-labeling with MPO. 0 1990 by The American Society of Hematology.
Recently, a number of monoclonal antibodies (MoAbs) against the cytochrome bSSB of human neutrophils were described. We reported on MoAb 449; which, like the MoAb 7D5 of Nakamura et al,''." reacts with the low-M, subunit (22 to 23 Kd) of cytochrome bS5, (p22-phox, the 22-Kd component of the phagocyte oxidase)." Because MoAb 449 binds to cytochrome bS5, under a variety of experimental conditions and reacts with its native (nondenaturated) form, it is highly suitable for immunoelectronmicroscopic investigations.
In the present study we used this antibody to determine the ultrastructural distribution of p22-phox in resting human blood phagocytes. The results showed that p22-phox was present on the cytoplasmic surface of the specific granules in neutrophils and of small granules in eosinophils and monocytes. The cytoplasmic side of the plasma membrane of these cells showed a low level of labeling with MoAb 449. 
MATERIALS AND METHODS

Antibodies
The production and characterization of the MoAb 449 against p22-phox have been described elsewhere? A description of the polyclonal antibody against human myeloperoxidase (MPO) has also been given." The polyclonal antiserum against human lactoferrin (LF) has been used in immunocytochemistry." This antiserum and the rabbit anti-mouse IgG were purchased from Cappel Laboratories, West Chester, PA.
Leukocyte Isolation Procedure
Leukocytes were isolated from heparinized blood of 12 healthy individuals. Erythrocytes were removed by dextran sedimentation for 1 hour at room temperature. The cells from the leukocyte layer were harvested and washed in phosphate-buffered saline (PBS; 10 mmol/L phosphate, 140 mmol/L NaCl, 5.6 mmol/L KCI, and 1.7 mmol/L CaCl,, pH 7.2). These cells were fixed in a mixture of 1% paraformaldehyde (Sigma, St Louis, MO) and 0.1% glutaraldehyde (TAAB Laboratory Equipment Ltd, Reading, UK) in 0.1 mol/L phosphate buffer (pH 7.4) for 2 hours at room temperature, and prepared for immunocytochemistry as described below. For the demonstration of MPO labeling in monocytes, the cells were fixed for 2 hours at room temperature in a graded (1% to 8%) formaldehyde series in NaHCO, buffer at pH 7.4 (freshly prepared from paraformaldehyde). l4 Enriched neutrophil fractions were prepared from citrated blood of 10 healthy individuals according to Verhoeven et al? These suspensions, which contained about 95% neutrophils and about 5% eosinophils, were fixed as described above.
Immunocytochemistry
Fixed cells were pelleted in 10% gelatin in PBS, after which the pellet was post-fixed for 1 hour in 1% paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4). Small gelatin blocks containing cells were infused with 2.3 mol/L sucrose in PBS for 30 minutes, then placed on copper blocks that were cooled in liquid nitrogen. Cryosectioning was performed according to Tokuyas~.'~ To prevent a specific binding of the antibodies, we pre-incubated the sections on drops of incubation buffer containing 0.1% bovine serum albumin (BSA), 0.1% "60 Bloom" gelatin,I6 and 0.15% glycine in PBS, followed by labeling with MoAb 449 or with the polyclonal antisera against MPO or LF. All antibodies were diluted in incubation buffer, and labeling was carried out at room temperature for 60 minutes. The polyclonal antibodies were visualized directly with protein A-conjugated colloidal gold particles with a diameter of about 5 or 10 31111. '' Because of the low affinity of protein A to some classes of murine IgG, a second antibody (rabbit anti-mouse IgG) and protein A conjugated to gold were used to visualize MoAb 449. For the controls the primary antibody incubation step was omitted and incubation was performed with non-relevant murine IgG or rabbit IgG.
Immunogold double-labeling of p22-phox and MPO or LF was performed essentially as described by Geuze et a1," the procedure always starting with incubation with the MoAb in question. In the last step, the cryosections were embedded in a mixture of methylcellulose (methocel 25 mPa, Fluka Chemie AG, Buchs, Switzerland) and uranyl acetate." All sections were examined with a Philips EM 410,or EM 201 at 80 kV.
Quantitative Analysis of the Immunogold Labeling
The density of the gold particles over subcellular compartments after immunogold labeling of p22-phox with MoAb 449 was evaluated quantitatively in neutrophils. For this analysis we used three experiments in which p22-phox and MPO were labeled and three in which p22-phox and LF were labeled. Ten micrographs each containing at least 40 granules were selected, and the gold particles on the granules and those lying close to (within 30 nm) the cytoplasmic side of the granule membrane were counted. The surface area of the MPO-positive granules, the LF-positive granules, and the nucleus, was estimated by placing transparent paper bearing a lattice pattern over a micrograph, according to Weibel et a].,' The labeling density was expressed as the number of gold particles per pm2.
Pre-embedding Labeling of Phagocytes
To find out whether MoAb 449 reacts with the cytoplasmic side of granule and plasma membranes, we resuspended dextran-sedimented leukocytes and enriched neutrophil fractions in PBS containing 0.2% (w/v) human serum albumin and 1 mmol/L EGTA. After pre-incubation for 10 minutes at 37OC, the plasma membrane of the cells was permeabilized by the addition to the medium of digitonin from a stock solution of 5 mmol/L in DMSO to a final concentration of 15 fimol/L. Two minutes later the cells were diluted tenfold with ice-cold medium (PBS containing albumin and EGTA) and centrifuged (800g for 5 minutes), washed once, and fixed in 1% paraformaldehyde in 0.1 mol/L phosphate buffer for 2 hours at room temperature.
The cells were then washed with PBS, incubated at room temperature for 60 minutes with MoAb 449 diluted (150) in incubation buffer, washed again with PBS, and incubated first with rabbit anti-mouse IgG and then with protein A conjugated to gold. For the controls the primary antibody incubation step was omitted. Next, the pellet was post-fixed for 10 minutes at room temperature in 1% glutaraldehyde in 0.1 mol/L cacodylate buffer (pH 7.4) and then for 30 minutes at 4OC in 1% OsO,. Finally, routine techniques for electron microscopy were applied.21
RESULTS
For determination of the intracellular localization of antigens, good ultrastructural preservation is essential. In ultrathin cryosections of blood cells fixed in 1% paraformaldehyde and 0.1% glutaraldehyde, the cellular organelles were in general well preserved, but dilatation of the nuclear membrane and the membrane of granules were occasionally observed (Figs 1 and 2 ). Similar findings were reported by Bainton et a1."
Localization of MPO and LF
In neutrophils it is difficult to identify the various types of granule solely on the basis of morphologic riter ria.'^.'^ To identify the two predominant types of granule, specific and azurophilic, we performed immunogold labeling with polyclonal antibodies against LF and MPO, respectively. LF and MPO were present in neutrophils in essentially the same localization as that found in an earlier immunoelectronmicroscopic study of glycol methacrylate-embedded cells.') In short, LF localization was consistently observed in a large population of small, spherical to elongate, and often dumbbell-shaped (specific) granules (Fig 1 A) For personal use only. on August 30, 2017. by guest www.bloodjournal.org From tion by immunogold was observed in a population of large, spherical or ellipsoid (azurophil) granules (Fig 1 B) . Extraction of the matrix components of the azurophil granules, as described el~ewhere,'~ was only observed occasionally. When anti-LF and anti-MPO were omitted or replaced by irrelevant antisera, immunolabeling of neutrophils was negligible.
Localization of p22-phox
Immunogold labeling with MoAb 449 on cryosections of neutrophils obtained by dextran sedimentation or Percoll isolation' showed that p22-phox is located mainly (>94% of the total number of gold particles in neutrophils) on or close to the limiting membrane of small, spherical and dumbbell-shaped granules (Fig 3A) , closely resembling the specific granules in size and shape. The gold particles used to visualize this subunit were often located along the cytoplasmic side of the granule membrane ( Fig  3B) . The population of large azurophil-like granules was seldom labeled (Fig 3A) . The plasma membrane and other neutrophil organelles showed little label, the amount corresponding to background labeling.
To find out whether the presence of p22-phox was restricted to either the specific or the azurophil granules, we performed immunogold double-labeling experiments. P22-phox was labeled with 10-nm gold particles, and LF (Fig 4A) or MPO (Fig 4C) with 5-nm gold particles. The results show that p22-phox occurred mainly in association with LFcontaining (specific) granules. To quantify the distribution of this subunit over the granule populations, we counted the number of gold particles in thirty micrographs of neutrophils simultaneously labeled with anti-LF or anti-MPO, the labeling intensity of the nucleus being taken as a measure of background labeling. The results, given in Table 1 , show that the labeling density per pm2 was highest in the LFcontaining granules (94.4 k 31.9). The labeling densities of the MPO-containing granules (5.4 k 3.5) and the nucleus (2.3 2.1) were invariably very low, and we consider them to correspond to background labeling.
Gold particles were frequently observed along the cytoplasmic side of the membrane of LF-containing granules ( Fig  4B) . To obtain more information we labeled suspended neutrophils that had been pretreated with digitonin to permeabilize the plasma membrane. Immunogold labeling with MoAb 449 was observed in cells with partially permeabilized plasma membranes. In both dextran-sedimented and enriched neutrophil fractions a low level of labeling was found on the inner surface of the plasma membrane (Fig 5A) and intense reactivity on the cytoplasmic side of many small round and elongate granules (Fig 5B) . In general, this difference in the label intensity was very obvious. However, because of significant variations in the penetration depth of immunoreagents within one cell and between cells, we did not quantify this difference. Other cell organelles were not labeled. These findings indicate that MoAb 449 recognizes an antigenic site of p22-phox occurring predominantly on the outer surface of the specific granules.
Neutrophils from a patient with the X-linked, cytochrome b,,,-negative form of chromic granulomatous disease were Neutrophils. also analyzed with MoAb 449 (Fig 3C) . The phagocytes from these patients lack NADPH oxidase activity because of a deficiency in the synthesis of the high-M, subunit of cytochrome bSS8 (gp91-phox); as a result, the low-M, subunit (p22-phox) has a strongly decreased stability.' Indeed, as Fig 3C shows, the reaction of the patient's neutrophils with MoAb 449 was very weak, and apparently not associated with the granules in these cells. This weak reactivity may have been caused by single molecules (or fragments) of p22-phox, not associated with gp 91-phox and therefore not located in their usual cellular compartment. Eosinophils from this patient likewise displayed a very weak reaction with MoAb 449 (not shown).
Immunogold labeling of cryosections with MoAb 449 showed that in eosinophils p22-phox is localized over a large population of small cytoplasmic granules (Fig  2A) , most of which are situated between the crystalloidcontaining granules. The larger crystalloid-containing (specific) granules did not show immunogold labeling with this antibody (Fig 2B) . Sections through cells thought to be nearly equatorial contained about 120 to 180 of these small granules, which were between 40 and 260 nm long and had a round to elongate flattened profile (Figs 2B and C). The immunogold label was found on or around the limiting membrane of such small granules (Fig 2C) . Other eosinophil organelles and the plasma membrane showed label approximating the background level. Labeling was negligible when the primary antiserum was replaced by non-relevant antisera.
MoAb 449 labeling of suspended dextran-purified eosinophils permeabilized with digitonin, showed low labeling of the inner surface of the plasma membrane (Fig 6A) and strong reactivity on the cytoplasmic side of the membrane of the small granules (Fig 6B) .
Immunogold labeling of cryosections of monocytes with MoAb 449 (Fig 7A) showed that p22-phox occurred mainly in a population of small cytoplasmic granules (Fig 7B) . These granules were found throughout the cytoplasm of the monocytes and could be distinguished from the small number of very ptobably lysosome-like granules with somewhat larger dimensions and a homogeneous electron-dense matrix but no immunogold labeling. Immunogold double-labeling experiments, in which the polyclonal antiserum against MPO was used to mark peroxidase-containing lysosomes and MoAb 449 was used to localize p22-phox, confirmed these observations (Fig 7D) . Small gold particles (5 nm) marked the peroxidase in the matrix of the lysosomes, and large gold particles (10 nm) labeled the membranes of the small cytoplasmic granules. The small granules showed a variable morphology. Some of these granules were round to oval, the length ranging from 70 to 300 nm (Fig 7E) . The matrix of the granules was relatively clear and occasionally showed membrane-like inclusions.
Immunogold labeling was occasionally seen over other compartments of the blood monocyte. The plasma membrane and cell-surface invaginations were sparsely labeled ( Fig  7B) . In addition, the membranes of endosome-like structures showed a moderate degree of labeling with immunogold (Fig 
Eosinophils.
Monocytes.
For personal use only. on August 30, 2017. by guest www.bloodjournal.org From 7C). Other cell organelles showed labeling similar to the background level. \Vhen MoAb 449 was omitted or replaced by non-relevant antisera. immunolabeling was negligible. Pre-embedding labeling of dextran-purified and digitoninpermeabilized monocytes showed MoAb 449 immunolabeling on the inner surface of the plasma membrane (Fig 6C) and the outer surface of the small granules (Fig 6D) .
DISCUSSION
In this report we investigated the subcellular localirstion of p22-phox in resting human peripheral blood phagocytes, ie. neutrophils. eosinophils. and monocytes. lmmunogold labeling with MoAb 449 in cryosections of neutrophils showed that this subunit is mainly associated with the membrane of specific granules. This conclusion is supported by the localiration of gold particles. mainly on or around the membrane of small, elongate. and often dumbbell-shaped granules. previously characterized as specific granules. Furthermore. immunogold double-labeling experiments showed significant labeling only in LF-containing (specific) granules. and quantitative analysis of the labeling density (Table I ) confirmed these findings. The density of the gold label Over the MPO-containing (azurophil) granules was roughly the same as that over the nucleus. and may therefore be considered to represent background labeling.
After labeling of cryosections with MoAb 449. gold particles were seen mainly on the cytoplasmic side of the granule membrane (Fig 3R) . This raised the quation as to whether MoAb 449 recognizes an epitope of p22-phox. present on the cytoplasmic side of the specific granule membrane. In an earlier study' we had only observed binding of MoAb 449 to neutrophils after permeabilimion of the plasma membrane with digitonin. We repeated t h a e experiments. to investigate the intracellular distribution of the label after neutrophils in suspension were labeled with MoAb 449. rabbit anti-mouse IgG. and protein A-gold. Immunogold labeling occurred in cells with partially permeabilized plasma membranes. The gold label was found mainly on the surface of small elongate granules. supporting our hypothesis. The apparent divergence between this label and the label occasionally seen over the matrix of these granules in cryosections can be ascribed to the total length of the primary and secondary antibody and protein A-gold complex (about 30 nm). which is approximately four times thicker than a membrane. Lwlier immunoelectron-microscopic studies of secretory vesicles have also established a central location for other integral membrane proteins. such as the Some of the gold particles were found in association with the inner surface of the plasma membrane. The outer surface of the plasma membrane was not labeled. These findings suggest that low antigen concentration is present on the cytoplasmic face of the plasma membrane of resting neutrophils. which was not observed in cryosections. in all likelihood because of limited penetration of immunoreagents into these sections. Thus the absence of label with the post-embedding technique does not exclude the presence of antigen in low concentrations in the plasma membrane. Indeed. cell fractionation studies have indicated that only 20% to 3 W o f the total neutrophil content of cytochrome h,,, are located in the plasma membrane fraction of these cell^.'.^ The localitation of p22-phox on the inner surface of the plasma membrane is at variance with the results obtained by Nakamura et al.'n~" who used MoAb 7DS. which also recognizes p22-phox. Their data show that the epitope for 7DS is present on the outer surface of the plasma membrane. This apparent discrepancy can be explained by assuming that the epitopes recognited by the two MoAbs 449 and 7DS occur on both sides of the membrane. as postulated Morcover. the observed reactivity of MoAb 449 with the cytoplasmic side of the specific granule membrane favors this hypothesis.
Cytochrome h,,, has been reported to occur in other phagocytes besides neutrophils.'"?' At the light-microscopic level. immuno-peroxidase staining of MoAb 7DS showed small granular deposits in human peripheral blood monocytes." Preliminary studies at the EM level showed MoAb 7DS to be present on the surface of monocytes and alveolar macrophages. even before stimulation.'" Our present findings are consistent with these observations. Moreover. we obtained detailed information on the intracellular distribution of p22-phox in human eosinophils and monocytes. In resting eosinophils isolated from human blood we found immunogold label on the membranes of a large population of relatively small round to elongate and flattened granules. Furthermore. after permeabilitation of suspended eosinophils with digitonin. labeling showed strong immunoreactivity of the cytoplasmic side of the membrane of thcse granules and low labeling on the inner surface of the plasma membrane. These observations indicate that in eosinophils also. the epitope recogniied by MoAb 449 is localited on the cytoplasmic side of granules and plasma membrane.
The small granules in eosinophils were mainly found between the crystalloid-containing granules. Other studies have indicated that eosinophils possess a population of small granules. measuring between SO and SO0 nm. which must be lysosomal in origin because they contain acid phosphatase and arylsulfatase" as well as eosinophil cationic protein."' Parmley and Spicer-" have described numerous very small For personal use only. on August 30, 2017. by guest www.bloodjournal.org From elongate or spherical granules, with a length of less than 100 nm, that contain acid phosphatase. Our population of small granules, with a length of 40 to 260 nm, might overlap with these granule populations. We observed a large number of these granules, about 120 to 180 per equatorial cell profile. The intense reactivity of this large-granule population is in accordance with the two to three times higher content of cytochrome bsss in human eosinophils versus human neutrophik2'
In resting blood monocytes, we observed labeling of the plasma membrane as well as of the membranes of endosomelike structures and granules seen throughout the cytoplasm of these cells. These granules are smaller than the peroxidasepositive and -negative granules of blood monocytes described el~ewhere.~' They indeed differ from the peroxidase-positive lysosomes, as shown by immuno-double labeling with the polyclonal antibody against MPO and MoAb 449. Preembedding labeling of digitonin-treated monocytes showed that in these cells also, p22-phox is located on the cytoplasmic side of granule membranes and plasma membrane. The presence of this subunit in the plasma membrane and the membrane of the endosome-like compartments of human monocytes might point to a high turnover of plasma membrane components, including the p22-phox subunit of cytochrome bS5,. The possible endocytotic pathways of this subunit will be studied in the future, using specific markers.
In summary, intracellular locations of p22-phox were identified by immunoelectron microscopy in resting human peripheral blood neutrophils, eosinophils, and monocytes. Future studies will be focused on the translocation of this component in the cytochrome-b,,, complex after activation of these cells. For personal use only. on August 30, 2017. by guest www.bloodjournal.org From
